Boxers who had fought fewer bouts had a tendency to perform better at psychometric tests than those boxers who had fought more bouts. Tc-99m HMPAO SPECT cerebral perfusion scanning showed that controls had less aberrations in cerebral perfusion than the boxers.
pugilistica embodies the chronic sequela of boxing and has certain features in common with Alzheimer's dementia and Parkinson's disease.' 3 For over 25 years it has been known that professional boxing is associated with this debilitating neurological disease'; however, there is considerable controversy about the long term effects of amateur boxing.
Dementia pugilistica is characterised by disorders of movement-a consequence of damage to pyramidal, extrapyramidal, and cerebellar pathways-and the dementia is secondary to widespread damage throughout the brain. Mechanisms of damage include contusion, shearing forces on nerves and vessels, and diffuse amyloid deposition of amyloid protein.
Immunohistochemical staining of this amyloid has clearly shown the histological similarities of the punch drunk syndrome with Alzheimer's dementia. 34 The few studies in the scientific literature that assess the safety of amateur boxing produce conflicting results.5-l4 Extracting the data from mixed studies on amateur and professional boxers generally shows adverse findings in the amateur boxers, ' 18 but numbers studied were too small (under 10) to derive substantive conclusions.
A diversity of investigations have been undertaken to detect subtle neurological impairment in fit amateur boxers, including CT, MRI, EEG, evoked potentials, and psychometric testing. This reflects a lack of consensus among investigators as to which is the most appropriate test to use, if any. Furthermore, most studies are compromised to a varying degree by selection bias, absence or lack of appropriate controls, the presence of extraneous head injuries inflicted outside the ring, and multiple investigatory procedures that increase the possibility of chance findings.
Amateur boxing is encouraged in the armed forces to promote fitness and self discipline. To ascertain whether boxers representing the Royal Navy and Army boxing associations exhibit signs of subtle neurological abnormalities, this prospective study was undertaken to compare a group of amateur boxers with appropriate servicemen controls. From the gamut of procedures available for investigating the effects of closed head injury the potential insult encountered in boxing-it was decided to use psychometric tests and technetium-99m hexamethylpropyleneamineoxime single photon emission computerised tomography (Tc- Amateur boxers who represent either the Royal Navy or Army boxing associations were invited to participate in this study. At the time of request all the amateur boxers who represented their respective services volunteered and gave informed consent, thus minimising selection bias. None of the boxers had sus-tained a relevant head injury outside the ring (defined as more than momentarily loss of consciousness or concussion lasting more than a minute) or had a history of neurological illness. Most of the boxers underwent both psychometric tests and Tc-99m HMPAO SPECT brain scanning; however, due to logistical constraints a few boxers were not able to have both investigations. In total 42 boxers participated in the trial. Forty one boxers underwent psychometric tests of which 33 also had Tc99m HMPAO SPECT scans; one boxer underwent Tc-99m HMPAO SPECT without psychometric testing. The boxers varied in age from 18 to 30 years, number of competitive bouts fought ranged from 0 to 250 (median 40) , and duration of participation in boxing was from three months to 17 years.
SELECTION OF CONTROLS
Servicemen undergoing medical assistant training were invited to participate as controls in the study. Criteria for selection included age 18-30 years, regular participation in amateur sports, no history of relevant head injury (as defined for the boxers), no history of neurological illness, and no previous participation in boxing. In total, 34 controls underwent Tc99m HMPAO scanning and a further 27 controls did the psychometric tests.
TC-99M HMPAO SPECT SCANNING TECHNIQUE AND INTERPRETATION OF IMAGE
All subjects had 550 MBq of Tc-99m HMPAO injected intravenously into an antecubital vein in a dimly lit room and were scanned within 10 minutes of injection with a Siemens 7500 ZLC tomographic camera with a low energy all purpose collimator linked to a Bartec Micas V Sun System. Data were acquired for 15 seconds from each of 64 angles into a 140 keV + 10% window. Filtered back projection was performed with a soft Shepp-Logan filter and the data stored as 64 axial slices of 64 x 64 matrices. The images produced of the boxers and controls were compared with an "atlas of normality" to detect focal abnormalities. The atlas of normality was derived from the images of 50 healthy male and female subjects, civilian and military personnel, who were aged 18-60 years and had no history of head injury or neurological illness. These 50 images were registered with respect to a reference image25 and normalised to the cerebellar counts. The normal atlas was created with a mean and several principal component images after registration and normalisation. 26 The resolution of the mean and component images was maintained at the voxel level of the original images. The principal component images correspond to the most significant patterns of variation in the 50 images, and it was found that six components were necessary to provide an adequate description of normal variation. The registered normalised images of the 34 boxers and 34 controls were then compared automatically to the atlas of normality.2627 The significance (in normal SDs) of voxels with reduced perfusion in the cortical region was calculated. An image was defined as abnormal if it contained at least one deficit with 10 connected voxels above a threshold of 2-9 SDs. 
Sternberg
Four numbers are displayed on the screen for one second. Subsequently, pairs of numbers are displayed and the participant has to decide whether at least one of the pair of numbers was represented in the original set of four numbers. The mean response latency time for correct answers was recorded-that is, the greater the time the slower the response.
Finger tapping
The participant has to press two adjacent keys with the index and middle finger of the nondominant hand. The number of alternate presses was recorded.
The automated test battery was given by an experienced person. All tasks were assessed over a two minute period except for the alternate finger tapping, which lasted for 30 seconds. Forty one boxers and 27 controls had three practice attempts at each of the tests before the main run. A Zenith lap top computer was used throughout the study and all tests were undertaken in a quiet, well lit, and warm room. Ability at some aspects of psychometric testing can be influenced by age and a subject's intellect;29 consequently, it may be necessary to adjust for these factors. It was decided to use school attainment in the form of number of 0 level examinations passed as a marker of intellect. Statistical modelling would show whether age and intellect would be suitable as covariates in the analysis.
This study received approval from the Royal Naval clinical research scientific committee (military), the local ethics committee (civilian), and the administration of radioactive substance advisory committee. All volunteers gave informed written consent. Table 1 shows the summary of the data of the distributions of the ages and number of 0 levels for the amateur boxing and control groups. Applying the Kolmogorov-Smirnov test to these cumulative distributions for the groups of boxers and controls showed no significant differences (Kolmogorov-Smirnov test P > 0 1).
Results

AGE AND SCHOOL ATTAINMENT
TC-99M HMPAO SCANNING
Initial data exploration (Zelen test) showed that the scan findings (normal or abnormal) were not influenced by age or school attainment. Table 2 shows the summary of the results of Tc-99m HMPAO SPECT scanning for the groups of boxers and controls.
Abnormality is defined as the presence of one or more regions of significant aberration in cerebral perfusion when compared with the atlas of normality. It can be seen that 41% of the amateur boxers had abnormal scans, compared with 14% of the controls (Z = 5.9, df = 1, P < 0 02). In the control group the aberrations in cerebral perfusion were largely singular whereas in the boxing group the aberrations were generally multiple. In both groups there were no predominant sites of abnormality, the lesions were scattered throughout the cerebral cortex. PSYCHOMETRIC TESTING Table 3 shows the average psychometric test scores of the raw data (before transformation or introduction of covariates) for the groups of boxers and controls. The logical reasoning task had to be excluded from the analysis as many boxers and several controls had scores around 50%. This suggested that those subjects found the task too difficult and were guessing. The distributions of the scores for the code substitution, pattern recognition, and finger tapping tasks for each group of boxers and controls were found to be normal by univariate and multivariate analysis. The results of the reaction time and Stemnberg tasks required reciprocal transformations to satisfy normality assumptions in the statistical models considered.
UNIVARIATE ANALYSIS OF VARIANCE (ANOVA)
The results of a univariate ANOVA show that in all psychometric tests analysed the boxers performed less well, on average, than the controls. In four of the five tests these differences ranged from 10-20% and were significant (P < 0.05).
UNIVARIATE ANALYSIS OF COVARIANCE (ANCOVA)
Linear modelling testing of the data (or transformed data) for each psychometric test with main effects for age, age squared, number of O levels and group (boxer or control), and interactions between group and education, group and age, and group and age2, indicated that the covariates (age, age2, and number of O levels) should be included in the model. Also, the interaction terms could be excluded as they had no significant influence on the psychometric tests. Table 4 shows a summary of the average psychometric test scores (untransformed) with the adjustment for the covariates. In four out of the five tasks there were significant differences between the groups to the detriment of the boxers. These differences ranged from 10-20%.
COMPARISON OF BOXERS WITH A LOW AND HIGH NUMBER OF BOUTS
The median number of bouts fought can be used to divide the boxers into two groups; 21 38 Comparing the cerebral perfusion patterns of the amateur boxers with the controls in our study showed a significantly greater proportion of aberrations in the cerebral perfusion patterns of boxers than in the controls.
Although there was not a significant difference between the psychometric test scores of the 13 boxers with abnormal cerebral perfusion and the 20 boxers with normal scans (P = 0-2) this was not unexpected. Firstly, the numbers were small, and secondly, HMPAO cerebral perfusion imaging and psychometric testing are assessing different aspects of neurophysiology. It is only to be expected that, in the detection of subtle neurological abnormalities, focal cerebral perfusion deficits may occur in areas of the cerebral cortex that are not required for the cognitive tasks of psychometric testing. In overt neurological disease-for example, patients with Alzheimer's disease or severe head injury-the results of HMPAO cerebral perfusion imaging and psychometric testing (and other neurological investigations) are more likely to show concordance.3941 It is arguable whether the same controls that underwent psychometric testing should also have had the HMPAO brain scans. At the outset of this trial the main consideration was to compare two groups of sportsmen (boxers and non-boxers). Consequently, it was logistically easier to recruit separate control groups. Given the relatively high specificity of HMPAO brain scanning, 85% in this study, it would have required considerably more controls (and ethical deliberations) to undertake a study of sufficient power to compare HMPAO cerebral perfusion imaging with psychometric testing in young healthy adults.
Psychometric testing is a highly sensitive investigation for detecting the subtle cognitive impairment after head injury.3242 When using psychometric testing in a group comparative study it would seem appropriate to recruit controls of a similar age, intellectual ability, and possibly other social factors. In this study we recruited controls who were sports playing servicemen who were of a similar age and had attained similar educational qualifications. Intelligence has been shown to correlate moderately with some psychometric tests29 (the correlation coefficient being of the order of 0 5). A similarly significant correlation has been shown between school attainment and intelligence; 43 formal evaluation of intelligence would have reduced the numbers who volunteered with the consequent introduction of a selection bias. Unfortunately, in all scientific studies that require volunteers, there will always have to be a trade off between the components of the potential biases in the methodology.
Butler et al'3 have recently published the findings of a United Kingdom study comparing the psychometric test scores of 86 amateur boxers with those of 31 water polo players and 47 rugby union players. Comparing the results of the boxers with those of the controls without the introduction of any covariates showed that the boxers performed worse on all 12 psychometric tests; in eight of these tests the differences were significant. The authors noted that many of the boxers were early school leavers whereas a proportion of the rugby and water polo players were undergraduates; consequently, a definitive analysis could not be undertaken as no estimates were available for intellect. In the absence of being able to analyse the psychometric data, and given that other neurological investigations gave negative results, the investigators concluded that "no evidence of neuropsychological dysfunction due to boxing could be found". Surely it would have been more appropriate to have selected controls of a similar scholastic level rather than attempt to adjust the psychometric test scores statistically (even if appropriate data had been collected) for what seems to be two groups of widely differing intellectual ability?
In our study the number of bouts correlated highly with the number of years of boxing. Consequently either variable could be used as a measure of boxing exposure. The group of boxers could be divided around the median number of bouts into those with less than and those with more than 40 bouts. Univariate and multivariate analyses of covariance showed differences in cognitive performance between the two groups to the detriment of those boxers in the over 40 longitudinal assessment over an undisclosed period. They did note that "any effects due to boxing would have had to be large to be detected against the background of premorbid variation in ability". Unfortunately, they did not have any data available for "estimates of intellectual capacity". 
